, and to develop methods to enable blades to survive to their expected operational lifetime. Recent work in the BRC includes examining and characterizing flaws and defects known to exist in wind turbine blades from manufacturing processes (Riddle et al. 2011 ).
Recent results from reliability databases show that wind turbine rotor blades continue to be a leading contributor to turbine downtime (Paquette 2012) .
Prior studies and coupon-level testing were carried out to characterize common types of flaws and defects observed in wind turbine blades (Riddle 2011) . These studies and testing were used to inform the development of full-scale wind turbine blades that could be used to test the effect of defects in full-scale blades. Manufacturing and testing of 8.3-m test blades (compared to 50-m and larger utility-scale turbine blades used today) kept program costs within reason while still allowing characterization of the flaws in a complete blade. Because both fiberglass and carbon fiber are used in the spar caps of modern turbine blades, two different blade test articles with intentional defects were manufactured. Instrumentation and sensing techniques used during testing included point and full-field strain measurements, acoustic emission, and thermography. This report describes the full-scale structural testing performed between March and September of 2013 of BRC 8.3-m wind turbine blades with purpose-built flaws.
Test Article Description
The molds and nominal laminate schedule of the SNL 8.3-m Blade Systems Design Study (BSDS) blade were used for manufacturing the BRC blades. The BSDS blade platform was chosen because of the availability of previous test data, proportional geometric similarity to modern blade designs, and efficient structural design. The BSDS blade was designed for research demonstration purposes, both for structural studies of material and manufacturing needs, and field performance validation testing on a 100-kilowatt (kW) stall-regulated turbine. Novel aspects of the BSDS design included constant-width carbon fiber spar caps and flatback airfoils on the inner spans of the blade. Static strength and fatigue testing of the BSDS blades was performed at NREL in 2006 (Paquette 2007) .
Two different blades were tested; one blade was manufactured with a fiberglass spar cap, and the second blade was manufactured with a carbon fiber spar cap. The fiberglass spar cap was the same thickness as the carbon fiber spar cap, but was made wider to achieve approximately the same flap bending stiffness for both blades. An epoxy resin infusion process was used to fabricate the high-pressure and low-pressure blade skins and single shear web. The skins and shear web were then bonded together. The balance of materials for both blades included fiberglass reinforcement at the leading and trailing edges, fiberglass double-bias fabric in the skin of the blade, balsa wood core material in the leading and trailing-edge panels of the skins, and a fiberglass root build-up. The blade root attachment design uses twenty-four 5/8-inchthreaded studs. The threaded studs are directly laminated into the blade root build-up during skin infusion. Figure 1 shows photos of the blades as delivered to the NWTC, the fiberglass (green) and carbon fiber (black) spar caps are visible because the blades were fabricated with a clear gel coat. Photo by Michael Desmond, NREL 32516 The weight of the fiberglass spar cap blade was measured to be 1.48 kilonewtons (kN), with a center of gravity (CG) 2.22 m from the root of the blade. The weight of the carbon spar cap blade was measured to be 1.38 kN, with a CG 2.12 m from the root of the blade.
The test articles were manufactured by TPI Composites in Warren, Rhode Island. Staff from SNL and Montana State University (MSU) participated in the manufacturing of the blades, assisting with the design and implementation of the flaws into the full blade structure. Flaws that were intentionally built into the blade include:
• Out-of-plane waves -waves introduced in the spar cap laminate with the peaks and troughs of the wave in the direction of the thickness of the blade
• In-plane waves -waves in the spar cap laminate with the peaks and troughs of the wave towards the leading and trailing edge of the blade
• Porosity/voids -air pockets and bubbles introduced in the matrix material of the laminate and bondlines
• Delaminations and dry-spots -Teflon strips placed to simulate interlaminar and bondline gaps.
Flaws were assigned by MSU to have different magnitudes of severity based on prior testing and analysis. A large magnitude severity would imply the greatest potential to reduce the structural performance of the blade. The flaws identified by MSU to have the greatest impact on the performance of the blade are listed in Table 1 . These flaws and the areas surrounding the flaws
Fiberglass Spar Cap
Carbon Fiber Spar Cap were the primary areas of interest during structural testing. Load cases used during testing were designed to apply characteristic flapwise moments at the blade spans where large magnitude severity (referred to as 'critical') flaws were located. Instrumentation and sensing systems were also configured to focus on areas around these flaws. 
Test Loads
Figure 2 provides the characteristic flapwise bending moment distributions developed by SNL for the fiberglass spar cap and carbon fiber spar cap blades. The characteristic bending moment provided the initial estimate for the fatigue strength of the blade, and included knockdown factors introduced by the built-in flaws. The characteristic strength was based on a 250,000-cycle flapwise fatigue loading. The number of target test cycles was selected to test the blade to failure in a reasonable timeframe. During testing, target test moments and their respective cycle counts were modified based on updated information and results from completed load cases. The shape of the characteristic test bending moment is typical of flapwise bending moments used for wind turbine blade testing, with a second-to third-order polynomial used to describe the shape of the bending moment. A primary consideration for developing the test loading was to apply a test load that would fatigue-test the greatest number of critical flaws to their expected lifetime. The quantity, ranked severity, and distribution of the flaws along the length of the spar cap required a phased approach to testing the blade. The general test configuration was similar to conventional methods used to test wind turbine blades. The root of the blade was cantilevered to a rigid test stand, and a test bending moment was introduced to the blade by applying a point-force with a hydraulic actuator; The critical flaws were located near or in the low-pressure and high-pressure side spar caps. A flapwise fatigue test was selected because this loading orientation caused high loads and strains in the spar caps and flaws. Figure 3 is an image of a blade cross section. This image shows the location of the high and low-pressure spar caps, and identifies the coordinate system used for testing. Test loads were applied to the blade in the flapwise direction, perpendicular to the laboratory horizontal position. Positive flapwise bending moments (high-pressure side in tension) were applied by extending a hydraulic actuator. Loads were applied to the blade near the 32% chord position, roughly in line with the spar caps. 
Photo by Scott Hughes, NREL 32523
The test loading was developed to provide a reasonable match of the characteristic bending moment along the blade span that contained critical flaws (on the blade span between 1.6 m and 6.3 m). Three load application stations were used to test this span of the blade. The nominal load stations were 7 m, 6 m, and 4.37 m, as measured from the root of the blade. Loading the blade at a single station produces a linear bending moment from the root of the blade to the load introduction station. Load stations were modified during the course of the testing because of several factors discussed in the following sections. Figure 4 provides the target test bending moment and applied test bending moments for each of the three load cases. Each of the test moments were applied independently to test specific spans of the blade. Loading at the outboardspan load station of 7 m provided a test moment for blade spans from the 5.5-m station to the 6.5-m station. Loads applied at the midspan load station of 6 m matched the characteristic bending moment distribution between blade spans 3 m to 5.5 m from the root of the blade. Loads applied at the inboard-span load station of 4.37 m were intended to match the target moment between the blade span between 1.6 m and 3 m. The sequence of testing for each blade started with the application of the outboard-span load case, followed by applying the midspan load case, and concluded by applying loads to the inboard-span test region. For load cases applied at the 7-m station with higher load and displacement requirements, the required test displacement exceeded the actuator displacement capacity. To apply these high-load load cases, a load saddle and strut were attached to the blade and connected to the laboratory floor at the 6-m station. This measure reduced the actuator displacement required to achieve the target bending moment. Figure 5 shows the test setup with the blade clamped at the 6-m station; in this case the resulting bending moment is compared against the baseline target test moment. For fatigue loading, a sinusoidal load was applied to the blade by a hydraulic actuator. Fatigue test loads were applied at an r-ratio of R=0.1. The r-ratio is defined as the minimum load divided by the maximum load. For each fatigue load case, loads were applied in load blocks with each load block having a distinct maximum and minimum load. The number of cycles and load levels within a load block were determined by MSU. Figure 6 provides a generic representation of a load case, showing increasing-amplitude load blocks at an r-ratio of 0.1. In the generic representation shown in Figure 6 , loads are applied at a test frequency of 1 hertz (Hz) (one test cycle per second), with load levels increasing for each load block while maintaining an r-ratio of R=0.1. 
Test Setup
Testing was performed inside the A-60 test facility at the NWTC. The blade was cantilevered to a test stand with an overturning moment capacity of 1.36 meganewton meters (MN-m). Figure 7 provides an illustration of the major mechanical test system components, including the test stand, adapter plate, hydraulic actuator, and load saddle. Both the fiberglass spar cap and carbon fiber spar cap blades were installed on the test stand with the high-pressure surface of the blade towards the laboratory floor. The blade was mounted to the test stand with the chordline at the 5-m blade station parallel with the laboratory horizontal plane. The actuator applied loads in the flapwise direction. The inclination of the actuator in the spanwise direction was set such that the actuator load line of action was perpendicular to the deflected shape of the blade at the midpoint of the applied load range. This actuator position was chosen to minimize the introduction of secondary moments and spanwise forces created when the load line of action is not perpendicular to the span of the blade. Blades were attached to the test stand through an adapter plate assembly. A 76-mm thick steel adapter plate was bolted to the root of the blade. The nominal bolt pattern of the blade root consisted of twenty-four 5/8-16 Unified National Fine studs positioned on a 504-mm bolt circle. The adapter plate was connected to the test stand using twenty 1-8 Unified National Course fasteners positioned on a 762-mm (30 inch nominal) bolt circle. The adapter plate was offset from the test stand face using 254-mm-long steel cylinders placed between the test stand face and adapter plate. This configuration allowed access for camera and sensor cables to the inside cavity of the blade. Figure 8 shows a photograph of the blade and adapter plate as mounted to the test stand. The test stand tilt angle was changed several times during the test program to accommodate different actuator heights and strokes required for the different load cases. Photo by Michael Desmond, NREL 32525 A hydraulic actuator was used to apply test loads to the blade. Two different actuators were used during testing because of different stroke and force requirements of each of the load cases. Load cases applied at the outer load stations of 6 m and 7 m required longer actuator strokes compared to load cases applied at the inboard load station. Load cases applied at the outboard and middle load stations used a hydraulic actuator with a stroke capacity of 760 mm, and force capacity of 66.7 kN. Load cases at the inboard load station employed an actuator with a 510-mm stroke, and force capacity of 66.7 kN. The hydraulic actuators were controlled via a servo-hydraulic controller. The hydraulic test system operated at a working pressure of 20.6 megapascals (MPa).
Actuator control was based on displacement feedback measured by a linear variable differential transformer (LVDT) displacement sensor mounted inside of the actuator. Displacement was used for actuator control, versus force-feedback, because inertial loading from the blade and actuator piston distorts the actual load applied to the blade (Musial and Allread 1993) . Actuator displacements corresponding to target loads were determined through periodic application of quasi-static (very slow) loads, applying loads slowly removes inertial effects from the load measurement. Quasi-static actuator displacements were mapped to the applied load. During fatigue test operation, the actuator was controlled to apply a sinusoidal load profile between the maximum and minimum displacements corresponding to the maximum and minimum load targets. Figure 9 shows a photograph of the actuator attached to the blade. Photo by Michael Desmond, NREL 32526 The actuator assembly includes the actuator, load cell, and swivel heads mounted to each end of the actuator assembly. The load cell measured the load applied to the blade by the hydraulic actuator. Swivel heads provide a rotation degree of freedom to each end of the actuator, allowing free rotation (with a small amount of friction) of the blade as the blade deflects during loading.
The actuator was connected to the blade by one of two methods, direct connection, or through a load saddle. Figure 10 provides photographs of the two attachment methods. Load cases applied at the 7-m station used a direct connection between the blade and the actuator swivel head. The advantage of the direct connection method is a reduction in the distance between the blade and the center of the swivel head. Reducing this dimension minimizes secondary moments and spanwise forces caused by misalignment between the actuator and blade (IEC 2002) . A drawback of the direct connection method is it typically requires the inside of the blade to be reinforced with material (plywood and epoxy) to evenly distribute the load to the blade and prevent crushing of the blade skins or shear web. Direct connection also requires that holes are drilled on both sides of the spar cap and shear web to preload the connection. Load saddles were fabricated for use at the midspan and inboard span load stations of 4.37 m and 6 m. The load saddles were constructed using wood forms surrounded by steel frames. The wood forms consisted of epoxied microlams that were cut to match the station airfoil profile. A thin strip of rubber placed between the wood form and the blade surface helped distribute the load from the saddle to the blade surface. The load saddle wood forms were approximately 130 mm thick in the spanwise direction. Steel frames were fabricated around the wood forms and secured the load Hydraulic actuator saddle to the blade. The actuator assembly mounted to the steel frame of the saddle on the highpressure side of the blade.
Figure 10. Actuator to blade attachment methods: direct attachment (left) and load saddle (right).

Photo by Michael Desmond, NREL 32517
For high amplitude load blocks applied at the 7-m station, the required test displacements exceeded the displacement capacity of the actuator. To enable reaching the target loads and moments in these high amplitude load blocks, the blade was clamped with a load saddle at the 6-m station. Vertical motion of the 6-m saddle was restrained by connecting a strut attached to the saddle and to the laboratory floor. Swivel heads were installed at each end of the strut. This configuration reduced the actuator displacement necessary to reach higher test moments. Figure  11 shows a photograph of this configuration. Photo by Michael Desmond, NREL 32518 Restraint strut at the 6-m station Hydraulic actuator at the 7-m station Digital image correlation platform
Data Acquisition
Several types of sensors and measurement systems were used during testing. A typical suite of sensors used for wind turbine blade testing was employed, including measurement of test loads, test displacements, strain measurements, and laboratory temperature and humidity (IEC 2002) . In addition to the set of basic sensors, the testing team employed acoustic emission, full-field strain measurement using digital image correlation (DIC) and thermography systems. SNL staff also conducted a nondestructive evaluation of the blade using ultrasonic systems.
A DIC system provided and operated by MSU was used to capture full-field images of mechanical strains at critical flaw locations. Obtaining full-field strain visualization of areas of the blade with embedded flaws was given priority over other sensing systems, keeping the areas at and near flaws clear of surface-mounted sensors and cabling. DIC has been used increasingly for its ability to measure full-field effects of defects in wind turbine blade testing (Niezrecki 2014) . The blade surface at critical flaw locations was painted and speckled to create the optical surface needed for the DIC imaging. DIC images were taken throughout testing, capturing strain fields in various loading conditions, including unloaded states (zero strain) and when the target test loads and moments were applied (high strain). The distance and position of the DIC camera relative to the blade was important for accurate strain measurements. Remotely actuated DIC positioning systems were developed to allow a test operator to move the position of the camera as the blade deflected from the application of the test loads. To make images of the low-pressure surface, the DIC camera was mounted and positioned with linear electric actuators attached to the highbay gantry crane. On the high-pressure side, the DIC camera was mounted to a platform capable of moving the DIC camera in the spanwise direction, and within a certain distance to blade surface. The remotely actuated positioning platforms and mounts are shown in Figure 11 . Figure 12 shows areas of the blade patterned for DIC imaging. 
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An acoustic emission (AE) system was used for surface acoustic emission data collection. Al Beattie, a subcontractor with SNL, calibrated and configured the AE system to record the energy and location (time and space) of acoustic events within the composite structure of the blade. Thirty-two AE sensors were mounted to the outside surface of the blade on both the highpressure and low-pressure surfaces. The sensors were centered on the width of the spar cap in the chordwise direction. Figure 13 shows AE sensors mounted on the low-pressure surface of the blade. AE hits were recorded when the output from three AE sensors' neighboring flaw location registered amplitudes of at least 50 decibels (dB) and a duration less than 50 microseconds. These front-end filter settings are similar to settings used for previous AE tests conducted by SNL and NREL (Beattie 2013a ).
Digital image correlation pattern Figure 13 . Acoustic emission sensors mounted to the low-pressure surface of the blade.
Photo by Scott Hughes, NREL 32520
A FLIR SC-640 thermal camera was used to measure the temperature of the surface of the blade. Areas experiencing progressive damage are likely to have higher surface temperatures. Images were taken at various times during testing.
A limited number of resistance-type strain gages were applied to the blade. Resistance strain gages were used to measure the strain at a specific point on the blade. Single-element 350-ohm gages were used. Resistance-type strain gages were located outside of the critical flaw areas to allow unobstructed areas for the DIC strain imaging. The gages were installed on the blade to measure strains in the spanwise direction, in line with, and centered on the spar cap. Resistancetype gage locations on the fiberglass spar cap blade include gages at the 3.5-m and 5.25-m stations on both the high-pressure and low-pressure surfaces. On the carbon fiber spar cap blade, high-pressure side gages were located at the 2.75-m, 3.7-m, and 5.25-m stations. On the lowpressure side of the carbon spar cap blade, resistance-type gages were located at the 2.75-m, 3.75-m, and 5.25-m stations.
Applied test loads were measured with a load cell located between the blade and the actuator. A load cell was also installed inline with the strut at the 6-m station. Deflection of the blade caused by the applied test loads was measured at the actuator load introduction station. An LVDT mounted inside of the actuator was used to measure deflection. Loads, actuator displacements, Acoustic emission sensor resistance-type strains, and laboratory temperature and humidity were recorded during testing with the NREL Ethercat Data Acquisition System (EDAS). The EDAS is based on National Instruments (NI) Ethercat PXI data acquisition hardware combined with NI LabVIEW software that is custom-developed for structural testing. All channels were scanned at 1,000 Hz and recorded as peak-valley pairs for each fatigue cycle.
Testing the Fiberglass Spar Cap Blade
The first load case was testing the outboard-span of the fiberglass spar cap blade, with the actuator applying test loads at the 7-m station. Loads were applied in blocks and distinct maximum and minimum loads were documented in the test report (Desmond 2014) . The first load block applied a cyclic load with a maximum load of 3.8 kN and a minimum load of 0.38 kN. Six distinct load blocks encompassing 191,450 test cycles were applied; the final load block applied a maximum cyclic load of 6.4 kN and a minimum load of 0.64 kN. The blade was clamped at the 6-m station for several load blocks because the required test displacement exceeded the displacement capacity of the actuator. Most load blocks were applied at a test frequency of 1 Hz. Fatigue loads were applied to the blade until a blade failure occurred at the 6.2-m station, on the low-pressure surface of the blade. Figure 14 shows the test bending moment range applied to the 6.2-m station. Because of a data acquisition system software error, data were not recorded between cycle 179,777 and the failure cycle of 191,450. After reviewing load and displacement data collected by the hydraulic controller, it was determined that target test displacements remained constant during the period when data were not stored on the data acquisition system. Linear beam-bending equations were used to calculate applied bending moments given in this document. The applied moment range at a given blade station was calculated using either Eq. 1 or Eq. 2 below. Eq. 1 was used to calculate the applied moment range for load cases where only the actuator was applying a force to the blade, or when the station being evaluated was outboard of the restraint strut. Eq. 2 was used when the restraint strut was attached to the blade, and the station where the moment was evaluated was inboard of the restraint strut. Forces shown in Eq. 1 and 2 were measured by load cells attached to the actuator and restraint strut. The influence of dynamic effects and test geometry described in the Test Setup Section are not included in these calculations. 
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Following the blade failure at the 6.2-m station, the test was configured to apply the midspan load case with a hydraulic actuator applying loads at the 6-m station. This load case focused on testing the blade span between the 3-m and 5.5-m stations. The blade tip was cut off outboard of the saddle at the 6.1-m station. The blade tip was removed to reduce the likelihood the damaged area outboard of the actuator at the 6.2-m station would be subjected to additional damage that might obscure any future post-mortem inspections of the area. Loads were applied in load blocks with increasing maximum and minimum loads, with each load block having an r-ratio of R = 0.1. The initial load block had a maximum load of 6.7 kN and a minimum cyclic load of 0.7 kN; loads during the final load block were 12.9 kN maximum and 1.3 kN minimum. Test loads were applied at frequencies between 0.5 and 0.75 Hz. A total of 238,521cycles were applied during the midspan load case at the 6-m station (429,971 total test cycles) when the blade catastrophically failed at the 3.75-m station on the high-pressure side. Figure 16 shows the test bending moment range applied to the 3.75-m station. Data presented include both bending moments applied during the outboard-span load case at the 7-m station, and loads applied during the midspan load case, with loads applied at the 6-m station. Blade failure occurred at the 3.75-m station on the high-pressure side. An out-of-plane wave flaw was built into the blade at this location. Prior to the final failure, increased AE activity along with changing strain gradients observed by the DIC system at the 3.75-m station warranted a closer inspection of the region. The DIC pattern was removed from the surface of the blade to reveal the features of the damage area. Figure 17 shows the damage area with the DIC pattern sanded from the blade. Matrix (epoxy) cracking is visible across the entire width of the spar cap, with light-colored laminate radiating from the cracks. Light-colored regions in this case are likely caused by delaminations within the spar cap laminate. The final failure at this station was a catastrophic failure of the entire high-pressure skin shown in Figure 18 , with the high-pressure skin spanning the entire chord length from the leading edge to the trailing edge. Photo by Michael Desmond, NREL 32524 The blade tip was cut off at the 3.6-m station for the inboard-span load case, with loads applied at the 3.5-m station. The 3.5-m station was not one of the original load points, because the original plan called for the inboard-span load to be applied at the 4.37-m station. Because the blade failed during the midspan loading at the 3.75-m station, using an inboard-span load station of 3.5-m was the best alternative (i.e., it was the nearest inboard station from the previous failure location). The actuator was directly connected to the blade for this loading, with the internal cavity of the blade at the 3.5-m station reinforced with plywood and epoxy. In the chordwise direction, the actuator was oriented perpendicular to the local chord of the blade. Increasing amplitude load blocks were again applied to the blade; the first load block applied cyclic loads with a maximum of 8.9 kN and minimum of 0.9 kN, the final load block applied cyclic loads of 44.5 kN and 4.4 kN. A total of 27,724 cycles (457,695 total test cycles) were applied at the 3.5-m station. Test frequencies between 0.5 and 0.75 Hz were used for this load case. The test was stopped because team members observed matrix cracking and probable delaminations on the high-pressure surface at the 1.2-m station. This location corresponds to the location of the transition between the spar cap and root build-up laminate (the laminate thickness around the circumference of the blade increases near the root). There were no intentional flaws built into the blade at this location. Figure 19 provides a photograph of the damage area at the 1.2-m station. Michael Desmond, NREL 32527 A convenient way to express an equivalent constant amplitude load applied to a test article subjected to different load levels is by using a damage equivalent load (DEL) (Hendricks and Bulder 1995) . A DEL was calculated for each station of the blade that failed during the course of testing. The DEL as calculated here is based on moment range-mean load effects are ignored. Eq. 5 provides the DEL formula and equation variables used in the analysis. Figure 20 provides the DEL at each of the failure stations. The DEL as shown includes all test moments applied at the respective station from all load cases and load blocks. The figure also indicates where notable observations were made from the AE system, and thermography. AE activity was based on the quantity and amplitude of hits. Significant AE activity was characterized by AE hit amplitudes above 70 dB, or when the frequency of AE hits rose from several hits per fatigue cycle to hundreds or thousands of hits per cycle. A detailed assessment of the AE data was performed by SNL subcontractor Al Beattie (Beattie 2013b ). Thermal hotspots were indicated when the temperature of a location on the blade (flaw location) was observed to be several degrees above the temperature of the surrounding blade surface. 
Testing the Carbon Fiber Spar Cap Blade
The carbon fiber spar cap blade was cut at the 7.1-m station, with the blade cavity filled with epoxy, to directly attach the actuator to apply the outboard load case at the 7-m station. The first load block applied a cyclic load with a maximum load of 1.4 kN and a minimum load of 0.1 kN.
The maximum and minimum loads were increased over 10 different load blocks encompassing 154,546 test cycles, with the final load block applying a maximum cyclic load of 5.1 kN and a minimum load of 0.5 kN. The blade was then clamped at the 6-m station for several load blocks because the required test displacement exceeded the displacement capacity of the actuator. Test loads were applied at frequencies ranging between 0.8 and 1.0 Hz. Fatigue loading continued until a blade failure occurred on the low-pressure surface at the 6.2-m station. Figure 21 shows the test bending moment range applied to the 6.2-m station for all load blocks applied at the 7-m station. Photo by Michael Desmond, NREL 32528 After the blade failed at the 6.2-m station, the blade tip was cut from the blade and the test was configured to apply loads at the 6-m station for the midspan load case. A load saddle was attached to the blade for applying actuator loads. During the midspan load case, the blade was subjected to a total of 278,913 test cycles. Loads were applied with a test cycle frequency of 0.75 Hz. The amplitude of the actuator force for the mid-span load blocks ranged from an initial range of 3.2 kN maximum and 0.3 kN minimum to the final load block that applied loads of 11.2 maximum and 1.1 kN minimum. DIC imaging was not performed during loading at the 6-m station. The blade failed during the final load block on the low-pressure surface at the 5-m station. Figure 23 shows the test bending moment range applied at the 5-m station, including loads applied at both the 6-m and 7-m stations. The total cycle count including load cases applied at both the 6-m and 7-m stations was 433,459 cycles. Figure 25 provides the DEL at each of the failure stations for testing the carbon fiber spar cap blade. The DEL as shown includes all test moments applied at the respective station from all load cases and load blocks. The figure also indicates where notable observations were made from the AE, thermography, and DIC systems. Similar to the fiberglass spar cap blade, AE activity was seen to increase prior to detecting damage by visible observation. One interesting difference was that the number of AE hits observed during the carbon fiber spar cap blade was an order of magnitude less than the hits observed during the fiberglass spar cap blade test. This difference may suggest that the damage to the embedded defects in the carbon fiber spar cap blade were more abrupt and progressed faster than damage to the embedded defects in the fiberglass spar cap blade. Following completion of the midspan fatigue load case, it was determined that a static load to failure would be conducted on the inboard span of the blade using a single point-load applied at the 4.37-m station. The load was applied by a hydraulic actuator in discrete load steps until a catastrophic failure occurred on the low-pressure surface of the blade at the 2.25-m station. Figure 26 shows the force versus time data for each of the static load steps up to failure. Photo by Michael Desmond, NREL 32530 Table 3 provides the nominal strains as measured by the resistance-type strain gages during testing of the carbon spar cap blade. Table 3 also provides the corresponding deflections at the actuator load application station. The nominal moments, strains, and displacements are given for the largest test moment applied at the respective stations, averaged over a period of 1,000 test cycles. For the inboard load case, with high strains in the inboard span of the blade, the table shows the maximum recorded strain levels and actuator displacement at the time of failure during the static load test. 
Summary
Wind turbine blades that were 8.3 m long, with flaws intentionally built into the structural laminate, were tested to failure. Two blades were tested, one blade was manufactured with a fiberglass spar cap and the second blade was manufactured with a carbon fiber spar cap. Testing focused on loading specific spanwise areas of the blade that contained the intentional defects. The experiments successfully tested to failure multiple embedded flaws. Each failure region with embedded flaws contained either in-plane or out-of plane waves in the spar cap of the blade. Table 4 provides a summary of the applied test loading at the time of failure for each of the embedded flaws. Figure 28 provides a chart of the DEL at failure for each of the fatigue failure locations, compared with the target bending moment distributions for both the fiberglass and carbon fiber blades. 
